Introduction
The notion of eosinophil-associated tissue remodeling has its nascence in the hypereosinophilic syndrome (HES) and asthma [1] [2] [3] . In both diseases, eosinophilic tissue infiltration causes significant morbidity and, in the case of HES, mortality [1, 4] . Endomyocardial fibrosis can lead to heart failure in HES. Airway remodeling leads to irreversible airway obstruction in asthma [1, 2] . More recently, eosinophilic esophagitis (EoE) has been added to the list of eosinophil-associated atopic disorders in which remodeling plays an important role in both symptoms and disease complications [5] [6] [7] [8] .
The pivotal ways in which EoE has and will continue to shift our understanding of remodeling is in the context of disease natural history as well as in our understanding of the clinical consequences and associations of tissue changes in the pediatric population. This is largely due to the fact that, unlike other eosinophilic disorders, EoE requires repeated tissue sampling [7] . EoE cannot be diagnosed or appropriately followed for therapeutic response without repeated tissue procurement [7] . In the process of assessing the severity of eosinophil inflammation, investigators can begin to also research mechanisms of remodeling.
Features of esophageal remodeling in EoE include epithelial changes of basal zone hyperplasia due to active cellular proliferation of the basal cells that provide a constant renewal source for the epithelium, increased extension of the lamina propria (LP) projections of vascular papillae, dilated intercellular spaces that likely reflect edema due to angiogenesis and vascular leak, and epithelial mesenchymal transformation. Subepithelial tissue remodeling includes LP fibrosis as well as smooth muscle hypertrophy and hyperplasia [9] [10] [11] [12] [13] [14] . It is likely that esophageal remodeling is the molecular scaffold for the cardinal clinical symptoms of dysphagia and the major EoE complications of food impactions, strictures, and esophageal dysmotility. This review will summarize our current understanding of esophageal remodeling in EoE from its molecular mechanisms to its clinical outputs and reversibility.
Eosinophil-Associated Tissue Remodeling in EoE

Molecular Pathogenesis of Remodeling in EoE
The numbers of studies that have been published on the topic of tissue remodeling in EoE underscore the significant and growing research interest on this topic [5, 12, [15] [16] [17] [18] [19] . Multiple strides have been made in understanding the pathogenesis of EoE-associated remodeling and has been aided by the use of animal models. These models are helpful especially due to a paucity of deeply sampled human esophageal tissue during biopsy. In the case of asthma, Th2-associated interleukins as well as profibrotic and proremodeling agents made by eosinophils are thought to cause a progressive loss of airway function leading to irreversible obstruction [2] . In the HES, eosinophil products, such as major basic protein (MBP), have shown extracellular deposition and likely mediate the damage that leads to endomyocardial fibrosis.
Tissue remodeling in EoE and other eosinophil-associated diseases can be considered to occur due to repeated molecular attempts at wound healing. Since the inflammatory insult is chronic, the cumulative result of ongoing healing is a robust production of fibrosis and angiogenesis as well as hypertrophy and hyperplasia of structural cells such as the epithelium and smooth muscle. Indeed, these cells themselves can subsequently contribute to the perpetuation of both inflammation and remodeling. Although remodeling and fibrosis is initially coupled with inflammation, it seems that in long-standing remodeling disease, such as that seen in adult EoE subjects, inflammation and remodeling can, intriguingly, become uncoupled [6, 10, 16, [20] [21] [22] . As such, a process of healing and fibrosis becomes dysfunctional and, perhaps, self-perpetuating.
The requirement for repeated tissue procurement in the diagnosis and management of EoE has been pivotal for investigations into the molecular events involved in esophageal remodeling. The study of other human eosinophilic diseases is hampered by the lack of repeated tissue analysis and a paucity of research that can study the occurrence and pathogenesis of remodeling in young children. However, EoE is often diagnosed in young children and our studies demonstrate that children as young as 2 years of age can have fibrosis and significant TGF-β1 production [13, 20, 23] .
Epithelial Remodeling
In the epithelium, eosinophils can potentially modulate epithelial basal zone hyperplasia. Eosinophil products such as MBP can cause proliferation of a cultured cell line of esophageal epithelial cells. By altering the function of the calcium-sensing channel CaSR, MBP increases FGF-9 levels and epithelial cell proliferation [24] . Indeed, the numbers of eosinophils can correlate with the degree of basal zone hyperplasia in EoE biopsies.
In addition, eosinophil products such as TGF-β1 can drive epithelial mesenchymal transformation in EoE. The amount of MBP, the numbers of eosinophils and TGF-β1-positive cells, and the presence of fibrosis all correlate significantly with markers of epithelial mesenchymal transformation such as vimentin [19] . Treatment of an esophageal epithelial cell line with TGF-β1 causes increased vimentin and fibronectin transcription while decreasing cytokeratins [19] .
LP Remodeling
The bulk of remodeling changes occur in the subepithelial compartments [5] . Definitive evidence for eosinophil-mediated fibrosis comes from murine model systems. Mice that lack eosinophils due to the absence of IL-5 or due to a mutation that blocks Gata-1 from binding its own promoter are protected from experimental pol-len-induced esophageal fibrosis [12, 18] . In adults, treatment with a humanized anti-IL-5 antibody decreases the expression of epithelial TGF-β1 and basement reticular membrane tenascin C [25] .
IL-5, IL-13, and TGF-β1 are master regulators of EoE [12, 15, 17, 18, [26] [27] [28] . Both IL-13 and TGF-β1 can induce other profibrotic agents such as periostin in the LP [29] . Periostin itself is secreted by esophageal fibroblasts in the presence of IL-13 and causes chemoattraction of eosinophils along with eotaxin-3 [29] . In murine models, treatment with an anti-IL-13 antibody protects from experimental EoE, and intratracheal instillation of IL-13 induces EoE [30] . Clara cell overexpression of IL-13 has significant consequences on esophageal function [17, 28, 30] . IL-13 overexpression is sufficient for the accumulation of esophageal collagen and esophageal thickness with edema, and these effects are diminished when the IL-13 receptor is absent [28] . In addition, IL-13 overexpression has impressive effects on murine EoE with weight loss and esophageal strictures [17] .
Mast cell numbers are elevated in the epithelium and in the muscularis mucosa of human EoE subjects [15, 31, 32] . Specifically, tryptase-positive mast cells are elevated in the epithelium and smooth muscle, but connective tissue mast cells (chymase-tryptase double positive) are not elevated [15] . This suggests a potential functional interplay between tryptase-positive mast cells and the eosinophils. Mast cell accumulation remains elevated in animals that overexpress IL-5 but lack eosinophils, demonstrating an eosinophil-independent IL-5-driven mast cell accumulation for esophageal mastocytosis [17] . Pediatric subjects treated with an anti-IL-5 antibody have a 50% reduction in eosinophil numbers, and similar decreases in esophageal eosinophilia are seen in adults [25, 33] . Interestingly, pediatric subjects also have reductions in the numbers of mast cells [34] . This may be due to unappreciated direct effects of IL-5 on mast cells, but appears to also be a component of eosinophil-mediated mast cell survival. Eosinophils produce IL-9 in the pediatric esophagus, and mast cells and eosinophils are seen in couplets and clusters prior to anti-IL-5 therapy [34] . Following therapy, however, the numbers of IL-9-producing cells as well as the numbers of eosinophil-mast cell couplets are reduced [34] . This interplay between cellular subsets may have significant implications for the management of remodeling and its clinical consequences in human EoE.
TGF-β1 is the common pathway in a number of fibrotic diseases [35] . Our lab and others have demonstrated increased levels of TGF-β1 protein and mRNA in the biopsies of pediatric and adult EoE subjects [12, 18, 36] . Both eosinophils and mast cells are significant sources of TGF-β1 in the EoE esophagus, and EoE epithelial cells also produce TGF-β1 [12, 15, 36] . TGF-β1 expression has a number of effects including the promotion of profibrotic factors such as collagen I, and the direct transcription-dependent contraction of cultured esophageal smooth muscle cells [15] .
Food impactions are likely due in part to smooth muscle dysfunction. A recently described murine EoE model shows that basophils and thymic stromal lymphopoietin are necessary for the development of food impactions [37] . Treatment of EoE mice in this model system with a basophil-depleting or TSLP-blocking antibodies resolves the tendency to food impactions in mice [37] .
Another component of esophageal remodeling is angiogenesis [12, 38] . New blood vessels form fresh conduits for inflammatory cell infiltration into target tissues. In addition, blood vessels become activated in the presence of Th2 inflammation to express adhesion molecules that facilitate eosinophil adherence and transmigration through the vascular wall and into the tissue. In the case of EoE, pediatric subjects have increased vessels, increased vascular activation with VCAM-1, and increased proangiogenic factors such as VEGF and angiogenin [12, 38] .
Clinical Effects of Eosinophil-Associated Tissue Remodeling
The clinical consequences of eosinophil-associated remodeling can be severe. Heart failure can occur with endomyocardial fibrosis in HES and irreversible airway obstruction can occur in remodeled asthmatic subjects [1, 2] . In EoE, persistent eosinophilia is associated with tissue fibrosis, resulting in decreased esophageal compliance, increased esophageal stiffness, smaller esophageal diameter, increased smooth muscle mass with smooth muscle dysfunction, and ultimately dysphagia, food impactions, esophageal strictures, and a significantly decreased quality of life [7, [39] [40] [41] [42] [43] [44] .
There are obstacles to understanding the clinical implications of histological remodeling even in EoE where tissue is repeatedly obtained. Since only 40-60% of esophageal specimens have adequate LP for evaluation, there may be an intrinsic bias to the population that can be studied for remodeling in most studies. In addition, large studies that evaluate multiple remodeling features simultaneously and systematically are still pending. However, 18 much has been learned in a relatively short time frame in this disease concerning structural consequences and clinical complications occurring due to remodeling.
Pediatric EoE is associated with fibrosis even at young ages [12, 13] . However, perhaps due to the shorter untreated disease duration, strictures are not commonly seen and dilation is a rare requirement [7] . This is consistent with eosinophil-associated remodeling where fibrotic tissue changes occur over long periods of time [45] . Fifty-seven to 89% of children diagnosed with EoE have LP fibrosis on their diagnostic biopsy [13, 46] , and at least 39% (n = 16) of adult patients have LP fibrosis [45, 47] . A recent study demonstrated that up to 88% of EoE adults can have LP fibrosis [45] . In children, LP fibrosis and eosinophilia correlate closely with esophageal pallor and furrows on endoscopy [48] . Findings of LP fibrosis and eosinophilia also can correlate with symptoms of dysphagia and anorexia/early satiety in children [48] .
During the disease course, the endoscopic features of EoE shift away from those that reflect inflammation, such as plaques, toward those such as concentric rings, narrowing, and strictures that reflect remodeling [45] . Using a technique known as 'EndoFLIP', Kwiatek et al. [39] demonstrated that esophageal rigidity is higher in adult EoE subjects. Although it seems intuitive that this would correspond to the degree of fibrosis, this has not been assessed yet. The least compliant esophagi are seen in those adults with strictures [39] . What is clear is that esophageal compliance is lower in those subjects who are prone to food impactions and/or dilations [49] . As such, esophageal distensibility measurements may provide a predictive index for food impactions [49] . While reported rates of strictures in children are 10% or less, stricture rates in adults range from 11 to 31% in cross-sectional studies, but can be as high as 72% when the EoE treatment is delayed [7, 45] . Consistent with eosinophil-associated fibrosis, the risk and rate of strictures increases with increasing duration of diagnostic delay (based on the timing of symptom onset). While stricture rates in adults is 17.2% when the diagnostic delay is 0-2 years, after more than 20 years 71% of subjects have strictured EoE [45] . Given this disease course, it may be of significant importance to intervene early and aggressively in those subjects who seem predisposed to a more fibrotic EoE disease phenotype.
Smooth muscle hypertrophy is evident in both children and adults using transesophageal ultrasound [10, 11, 36] . Functional studies have demonstrated that the longitudinal and smooth muscle layers can become discoordinated and that dysphagia correlates in time with dysmotility [50, 51] . As such, the clinical complaint of dysphagia and the complication of food impaction are likely due to smooth muscle dysfunction. Children with EoE have increased eosinophil and mast cell infiltration into the smooth muscle bundles of the muscularis mucosa as compared with normal controls [15] . Case reports demonstrate that the deep smooth muscle bundles of the muscularis propria (not seen on routine biopsy specimens) are also infiltrated by eosinophils and mast cells in EoE [52] . Mice that lack mast cells have fewer proliferating smooth muscle cells and less smooth muscle area [14] . Both eosinophils and mast cells produce TGF-β1, and TGF-β1 can cause transcription-dependent esophageal smooth muscle cell contraction in vitro [15] . As such, it is likely that inflammation is a major driving force for smooth muscle abnormalities in EoE.
Reversibility of Esophageal Remodeling
One prominent issue in EoE is the potential reversibility of remodeling. The answer to this question may be different in children and adults and dependent on the duration and type of therapy. Our lab has demonstrated that in pediatric EoE subjects there is a correlation between the response to therapy that is seen in the epithelium and the response to therapy that is seen in the subepithelial space [20] . Following treatment with 3 months of viscous topical budesonide, children who are considered 'responders' by posttherapy epithelial eosinophil counts of ≤ 7 eosinophils per high-power field had decreases in their LP fibrosis scores [20] . In addition, there was remission in the numbers of LP eosinophils and TGF-β1 producing and pSmad2/3-positive cells in the LP. In contrast, children who had persistent eosinophilic inflammation in the epithelium had persistently elevated or progressively worsening fibrosis scores and continued LP inflammation with eosinophils as well as TGF-β1 and pSmad2/3-positive cells [20] .
Dietary interventions can also decrease esophageal remodeling in EoE, both in isolation or in addition to topical corticosteroid therapy. Eighteen percent of children treated with elimination diets had decreases in their fibrosis scores (as opposed to 56% treated with topical swallowed fluticasone) [21] . Pediatric EoE subjects treated with combination therapy of elimination diet in addition to topical fluticasone also have reductions in fibrosis following treatment [22] . Whether there are differences in controlling fibrosis with an elimination diet as opposed to topical corticosteroids in large cohorts of subjects remains to be evaluated.
Studies in adults have given more complex results in terms of remodeling response to therapy [10, 16, 36] . In one study in which adults were treated for 1 year with top-ical fluticasone in doses and formulation adequate to treat epithelial eosinophilia, many had persistent LP fibrosis following therapy and the decreases in fibrosis scores were not statistically significant [16] . By contrast, in a 15-day study of topical budesonide, adult subjects had improvements in LP fibrosis and epithelial TGF-β1 expression [36] . When treated with a decreased dose of topical budesonide for an extended period of time (52 weeks), these same adults continued to have lower LP fibrosis scores than placebo-treated subjects, but had increased scores as compared with their initial scores when on higher-dose therapy [10] . In addition, although transmural esophageal thickness was improved, it did not resolve with long-term therapy [10] . In adult subjects treated with budesonide, the overall esophageal diameter was not improved. However, when a subanalysis was done on those subjects who began with narrowed esophagus, there was an improvement in esophageal diameter following therapy [53] . These observations are important and support the conclusions that (1) pediatric subjects likely have a disease that can be modified in terms of LP fibrosis if they are responsive to therapy, (2) adult subjects likely have fibrosis that is more difficult to reverse, (3) while the subepithelial response in children aligns with the epithelial response to therapy, in adults there can be discordance between the epithelial and subepithelial response to therapy, and (4) there is heterogeneity in the ability to control subepithelial fibrosis among both pediatric and adult EoE subjects. These data are intriguing as they suggest that LP inflammation can drive remodeling independent of epithelial inflammation and/or that fibrosis becomes independent of inflammatory signals, especially in adult EoE subjects.
Biologic agents have also been assessed in adults for remodeling control in EoE. Anti-IL-5 used in adult patients at escalating doses decreased, but did not normalize esophageal epithelial eosinophilia [25] . Epithelial cell expression of TGF-β1 was decreased following mepolizumab treatment for adult EoE, and basement membrane tenascin C was also diminished [25] . Unlike pediatric subjects, there was no decrease in epithelial mast cells and IL-9 has not been evaluated in adult EoE. Although other biologic agents such as anti-IL-13 may be of utility in EoE, the results of these clinical trials have yet to be published.
Conclusions
Much has been learned from EoE concerning eosinophil-related esophageal remodeling. Pediatric and adult subjects appear to differ on a number of points when it comes to remodeling. This may be due to the duration of untreated disease, genetic and/or environmental factors, the type and/or duration of therapy, the age of the subject when treatment was started, or combinations of all of these factors. Since disease duration, especially untreated disease duration, increases the rate of strictures, it is important to minimize the diagnostic delay and to treat EoE with anti-inflammatory agents in order to potentially alter the natural history to complications such as strictures. In children, where epithelial inflammatory control appears to align with LP fibrosis control, there may be a unique opportunity to control remodeling due to this concordance. In addition, there may be an epithelial molecular signature in pediatric EoE that correlates or reflects LP remodeling. In reality, the use of medical and dietary interventions masks the true natural history of EoE, but is required in order to effectively manage the patient's disease and quality of life.
Despite their differences, children and adult EoE subjects also have a number of similarities. The pathogenesis is similar with increases in IL-5, IL-13, and TGF-β1, at least in a subset of subjects. What is clear is that EoE offers a unique and impactful ability for researchers and clinicians to understand more about eosinophil-associated esophageal remodeling.
